We combine Sloan Digital Sky Survey spectra of 22,000 luminous, red, bulge-dominated galaxies to get high S/N average spectra in the rest-frame optical and ultraviolet (2600Å to 7000Å). The average spectra of these massive, quiescent galaxies are early-type with weak emission lines and with absorption lines indicating an apparent excess of α elements over solar abundance ratios. We make average spectra of subsamples selected by luminosity, environment and redshift. The average spectra are remarkable in their similarity. What variations do exist in the average spectra as a function of luminosity and environment are found to form a nearly one-parameter family in spectrum space. We present a high signal-to-noise ratio spectrum of the variation. We measure the properties of the variation with a modified version of the Lick index system and compare to model spectra from stellar population syntheses. The variation may be a combination of age and chemical abundance differences, but the conservative conclusion is that the quality of the data considerably exceeds the current state of the models.
intrinsically luminous galaxies in the Universe (e.g., Tammann et al. 1979; Blanton et al. 2001a) . That the most optically luminous galaxies are red is remarkable, given that unextincted red stellar populations generally have higher stellar mass than blue populations at constant luminosity; it means that they are considerably more massive than their bluer, fainter spiral neighbors.
A common paradigm for the formation of bulge-dominated systems is hierarchical merging of smaller, star-forming progenitors (Barnes & Hernquist 1992; Kauffmann 1996; Baugh et al. 1996) . In this model, the systems appear old and metal-rich because the merging is more common at high redshift and because the resulting starburst consumes or expels the remaining gas, thereby ending star formation (Kauffmann & Charlot 1998 ). This dependence upon cosmological merger rates and feedback suggests that the stellar populations of bulges should display subtle but important dependencies on mass and environment.
In this paper, we study the aggregate stellar populations of luminous, red, bulge-dominated galaxies using averaged spectra from the Sloan Digital Sky Survey (SDSS; York et al 2000) We select these galaxies because we know that they dominate the stellar mass density of the Universe (Fukugita et al. 1998; Hogg et al. 2002) and because they show great regularities in their properties (e.g. , Faber 1973; Visvanathan & Sandage 1977; Djorgovski & Davis 1987; Dressler et al. 1987; Kormendy & Djorgovski 1989; Bower et al. 1992; Roberts & Haynes 1994; Bernardi et al. 2001) . In addition, the great age of their stellar populations ease some, but not all, of the difficulties in understanding superimposed younger populations (Faber 1972; O'Connell 1976; Gunn et al. 1981; Charlot et al. 1996) .
As the luminosity-weighted average spectrum does measure the total stellar population of an entire sample of galaxies, it is a well-defined mean property that can be compared to theoretical models of galaxy formation (Baldry et al. 2002 , e.g.,). We focus not on the interpretations 1 of the average spectrum itself, but rather on the variations of this average with luminosity, environment, and redshift. These variations should be able to test predictions that more luminous (or massive) galaxies have higher metallicity and galaxies in clusters have older stellar populations. Previous observational studies (e.g., Bower et al. 1990; Guzman et al. 1991; Rose et al. 1994; James & Mobasher 1999; Terlevich et al. 1999; Poggianti et al. 2001 ) comparing spectra of individual galaxies have found evidence to support these hypotheses. Of course, one would also expect to find that galaxies at high redshift should have younger stellar populations than similar galaxies at low redshift, but even this trend can be altered if massive, bulge-dominated galaxies are still forming at low redshift (Franx 1995; van Dokkum & Franx 2001 ).
Because we are interested in comparing the average spectra of samples, it is critical that the samples be selected so that the variation between the samples is as controlled as possible. With SDSS data, we can select uniform samples according to rest-frame photometry and morphological properties across a wide range of environments and redshifts, allowing trends in the data to be attributed to astrophysics rather than selection biases.
The average spectra are of extremely high signal-tonoise ratio, thereby allowing analyses that would be impractical on individual SDSS spectra. Over 100 absorption lines are apparent in the composite. Indeed, the resulting spectra exceed the ability of the best spectral models of stellar populations to interpret, especially given the nonsolar ratio of α-element to iron-peak abundances (Worthey et al. 1992; González 1993; Davies et al. 1993; Paquet 1994; Worthey 1998; Proctor & Sansom 2002) apparent in the data.
The outline of this paper is as follows. In § 2, we describe the relevant aspects of SDSS data and introduce the methods for our analysis, including principal component analysis (PCA) and a modification of the Lick absorption line index system. In § 3, we describe our sample selection and environment estimation. We present a general analysis of the average spectra in § 4 and analysis of the variations with luminosity and environment in § 5. Variations with redshift are presented in § 6. In § 7, we use the highest redshift sample to determine the average spectrum in the mid-ultraviolet. We conclude in § 8.
Except where noted otherwise, we adopt a conventional cosmological world model with H 0 = 100 h km s −1 Mpc −1
and (Ω M , Ω Λ ) = (1/3, 2/3).
2. data and procedures
SDSS Imaging
The SDSS is obtaining u, g, r, i and z-band drift-scan images of the Northern Galactic Cap and spectra of roughly 10 6 galaxies in that region (York et al 2000) . The photometric system and imaging hardware are described in detail elsewhere (Fukugita et al. 1998; Gunn et al. 1998; Hogg et al. 2001; Smith, Tucker et al. 2002 ). An automated image-processing system detects astronomical sources and measures photometric and astrometric properties (Lupton et al. 2001; Stoughton et al. 2002; Pier et al. 2002; Lupton et al. 2002) of them. Finally, galaxies are selected for spectroscopy by two algorithms (Strauss et al. 2002; Eisenstein et al. 2001 ) described further in § 3.
The photometric parameters of interest for this study are as follows. The Petrosian (1976) radius θ r,pet is the angular radius at which the mean surface brightness of the source in the SDSS r-band image inside that radius is five times higher than the mean surface brightness in a narrow annulus centered on that radius. The Petrosian flux (with corresponding magnitude m pet ) is the total flux (in any of the five SDSS bandpass images) within a circular aperture of radius 2 θ r,pet (twice the Petrosian radius in the r-band). The half-light and 90% radii θ 50 and θ 90 are the angular radii within which 50% and 90% of the r-band Petrosian flux is found. The concentration c is defined to be the ratio θ 90 /θ 50 . The de Vaucouleurs likelihood L dev is the likelihood that the galaxy's r-band 2-dimensional image was generated by a true de Vaucouleurs elliptical profile convolved with the seeing. The exponential likelihood L exp is a similar likelihood of an exponential profile. The model magnitude m model is the total magnitude corresponding to the best-fit profile, which is the best-fit de Vaucouleurs profile for all galaxies in this study. All magnitudes are corrected for extinction using the Schlegel et al. (1998) predictions.
Two samples of galaxies are selected from the SDSS imaging for spectroscopy. The larger sample, with about 88% of the allotment, is a flux-limited sample of galaxies that extends to r Petro < 17.77 (Strauss et al. 2002) . We refer to this as the MAIN sample. The smaller portion, with the remaining 12% of the allotment, uses two color-magnitude cuts to seek luminous, early-type galaxies that are fainter than the MAIN limit. This sample is known as the luminous, red galaxy (LRG) sample. The LRG sample is roughly volume-limited to z ≈ 0.4 and contains additional galaxies to z ≈ 0.55 with a flux limit of r Petro = 19.5. Further details are found in Eisenstein et al. (2001) .
SDSS Spectroscopy
The SDSS uses two fiber-fed double-spectrographs to measure spectra of objects from 3800Å to 9200Å with a resolution of about 1800. Each plug plate holds 640 fibers, yielding 608 spectra of galaxies, quasars, and stars and 32 sky spectra per pointing (Blanton et al. 2001b) . Fibers cover 3 ′′ diameter circular apertures on the sky. Each spectrograph handles 320 fibers (which we call a halfplate), and the two halves are reduced independently.
In detail, the instrumental resolution and pixel scale are close to constant in logarithmic wavelength rather than wavelength. The instrumental resolution is about 170 km s −1 FWHM. The idlSpec2d software pipeline (Schlegel, Burles, et al., in prep) combines multiple exposures of a given object and resamples the total spectrum onto a grid of wavelengths that is logarithmically-spaced by 69.1 km s −1 . The flux calibration procedure is summarized in Stoughton et al. (2002, § 3.3 & 4.10 .1) and will be fully detailed in Schlegel, Burles, et al. (in prep) . The flux calibration is imposed on each plate by a set of 8 spectrophotometric standard stars, chosen by color to be F subdwarf stars. The SDSS does not use an atmospheric refraction corrector, so the effective fiber position on the sky shifts slightly as a function of wavelength. In the presence of brightness gradients, this creates a fluxing error. This is corrected by refering the broadband spectrophotometry to 5 ′′ × 8 ′′ aperture "smear" exposures. As early-type galaxies have small color gradients, we expect that this smear correction will remove the effects of atmospheric refraction.
The spectrophotometric calibration appears to be correct in the average to better than 10%. Since each average spectrum involves galaxies from a moderate range of redshifts, systematic wavelength-dependent spectrophotometry biases in the average spectra will be strongly suppressed on scales below a few hundredÅ. Comparing our average spectra in different redshift bins (see § 3.2) shows differences of under 10% (4% rms), some of which may be due to actual evolution. As this involves comparison of spectrophotometry at different observed wavelengths, we infer that the mean spectrophotometry is accurate at this level, up to perhaps an overall tilt. We will return to this point in § 5.2. Recent efforts (Tremonti & Schlegel, private communication) suggest that the current calibrations are slightly too blue (roughly 10% in flux over the spectral range) with additional residuals blueward of 4300Å(observed frame).
Redshifts are found by comparing to stellar templates (Frieman et al., in prep.; Schlegel et al., in prep.) . Repeat observations show that the errors in the redshift estimates are less than 30 km s −1 for MAIN sample galaxies and degrade to about 100 km s −1 for the highest redshift LRGs.
Spectroscopic Sample
We use spectra from 261 separate plates; a total sample of about 120,000 galaxies. Certain plates have been observed more than once, and a small fraction of objects appear on more than one plate (for quality assurance). We use only one spectrum of each object, chosen by the best median signal-to-noise ratio on each candidate half-plate. Only plates that meet survey quality standards are used.
A few spectra were found to contain sufficiently serious reduction failures as to dominate the principal component analysis; we rejected the entire plate in this case (so as not to skew the average by some undetected pattern among the corrupted objects). This eliminated 12 plates, although some of these had other exposures that could have been used.
We select samples of red, bulge-dominated galaxies from these plates; the selection is described in § 3.
Principal component analysis
We are interested in average spectra; however, we choose to go further and perform principal component analyses (PCA) on each set of spectra. This isolates a set of eigenspectra ranked by the amount of the total variance in the input set that each explains. PCA is useful for identifying variations in the spectra beyond the mean, and we find that emission line components are isolated by this technique.
We can recover the average spectra from the PCA decomposition by finding the mean of each PCA coefficient and summing the eigenspectra weighted by these means. Were we to include all the eigenspectra, the resulting linear combination would be exactly the average of the spectra used as input to the PCA. However, we include only the first 20 eigenspectra. We have verified that this procedure makes no difference relative to the true average; the means of the PCA coefficients converge rapidly to zero. One can see that the truncation does not constitute a smoothing of the spectra by noting that permuting the order of the pixels within the definition of the spectral space would not affect the PCA results.
We begin with spectra in F λ units, but we use the redshifts to rescale each source to its intrinsic luminosity spectrum L λ . This does not fully reproduce the mean spectrum of a volume-limited set of galaxies, but in practice the luminosity range of our samples are sufficiently narrow-0.5 mag-that the corrections to a volume-limited mean are negligible. To close approximation, each average spectrum will represent the volume-averaged stellar population of galaxies with the chosen intrinsic properties.
Before performing the PCA step, we pre-condition the spectra. We shift each spectrum to the rest frame according to its redshift. We do not include shifts smaller than a unit spacing of our wavelength grid (69.1 km s −1 ). This is equivalent to adding a small additional velocity dispersion to the sample; however, the effect is only 20 km s −1 (69 ÷ √ 12, the standard deviation of a boxcar), which is small compared to the actual velocity dispersions of the galaxies. We then select a particular range of rest-frame wavelengths, say 3650Å to 7000Å, to ensure that the full range of wavelengths is covered by SDSS spectra for the full range of redshifts included in a particular sample.
We iteratively interpolate over pixels for which idlSpec2d has set warning mask flags. We begin by linear interpolating over all masked pixels and computing the mean spectrum. We then return to the masked pixels, interpolate with the mean spectrum times a linear function, and recompute the mean. We repeat this step four times to ensure convergence. We increase the masked region around the sky features at 5577Å, 5890Å, 5896Å, 6300Å, 6364Å, 7245Å, and 7283Å, typically to 10Å, so as to avoid rare problems of poor sky subtraction. Since the samples involve a wide range of redshift, masking at a fixed observed wavelength enters at different rest-frame wavelengths and therefore has little effect on the average spectrum. We remove entirely any objects that have more than 20 pixels masked for missing data (not counting pixels in the first and last 50 pixels of a given spectrum).
We subtract the continuum of each individual spectrum by removing the first N F sinusoidal components. We pick N F = 8 for our 3650Å to 7000Å stacking, N F = 6 for 3500Å to 6000Å stacking, and N F = 5 for 2600Å to 4400Å stacking. We have tried other choices with little change. For example, we have tried extracting narrow wavelength regions with no continuum subtraction and get the same answers.
Because we subtract the continuum from our spectra before performing the PCA, our eigenspectra lack a continuum. We restore this continuum after the PCA step by adding back the average of the subtracted continua. This procedure exactly reproduces the mean spectrum but protects the PCA from being dominated by broad-band variations. When comparing spectra from different samples, we rescale to a common overall amplitude but do not otherwise adjust the continua.
Before performing the PCA, we renormalize the different wavelengths by the inverse of the average error in that pixel. This doesn't affect the average spectrum but does affect subsequent components. In practice, the weighting is mild. After performing the PCA, or more exactly, the diagonalization of the product of the matrix of spectra with its transpose, we restore the original physical normalization of the wavelengths in each eigenspectrum.
In practice, we find that a single component dominates the spectrum of eigenvalues. This eigenspectrum shows a familiar early-type absorption line spectrum. Because the ratio of this eigenvalue to the others is so large, the first component can deviate only slightly from the mean of the dataset.
Regarding different samples, it is important to stress that the entire PCA process has been applied to the two sets of galaxies completely independently. In particular, the comparison of average spectra is not constrained to differ only in a low (20) dimensional subspace of retained eigenspectra.
Error estimation
To construct an estimate of the error on the average spectrum, we divide each sample into two, find the average spectrum of each half, and analyze the rms differences between the two halves. Before differencing, we remove 20 low-pass sinusoidal modes (from over 2000 pixels) to be sure that the continuum is not affecting our estimate of the small-scale noise. There is essentially no structure apparent in the differenced spectra. Because there are small correlations between neighboring pixels (e.g. because of the sub-pixel wavelength shifts between exposures), we smooth the difference with a box car filter of 5 pixel width and multiply the result by √ 5. Were the pixels independent, this would not matter, but for correlated pixels this smoothing creates the residual that should apply to multipixel averages such as are found in spectral indices. We form the square of the smoothed difference spectrum and then smooth with a 100 pixel box-car. This effectively creates the variance of the differenced spectrum as a function of wavelength.
The galaxies are split into the two halves according to whether their plate number is even or odd. This means that reduction errors that might affect an entire plate are included in the noise estimate, because all of the affected galaxies will go into one half or the other. Conversely, any secular changes in target selection algorithm or imaging properties are isolated from the error analysis. If we had divided the sample into early plates and the late plates, small differences in target selection (perhaps simply caused by different photometric calibrations in different parts of the sky) could have resulted in artificial differences between the mean spectra.
If one has two spectra of equal signal-to-noise ratio, then the noise in the difference is twice the noise in the average. Hence, as our even and odd spectra should have quite similar signal-to-noise ratio, we estimate the variance in the average spectra as being one quarter of that in the smoothed square difference.
Although the noise in a single spectrum can be a complicated and spiky function of wavelength due to the presence of sky lines and detector flaws, the noise in the combined spectrum should be a smooth function of wavelength. Noise features at a narrow observed wavelength range are smeared out by the superposition of many different redshifts, while detector issues such as bad CCD columns are eliminated by the superposition of spectra from many different positions in the detector. Only the broad variations in response across wavelength (e.g., the drop in sensitivity shortward of 4000Å) should survive to affect the noise in the stacked spectrum.
The error at certain rest-frame wavelengths is dominated not by photon noise but rather by the shot noise of the presence of rare galaxies in the sample. In particular, a small fraction of our selected galaxies have emission lines, and the presence or absence of a few strong emissionline galaxies can affect the results at the line wavelengths. We could treat this by bootstrap resampling of the input samples, but the line emissions are sufficiently weak that we will focus only on the isolation and subtraction of the lines and not on the error in that subtraction.
The signal-to-noise ratios of the average spectra are very high, typically a few hundred per pixel (see Table 1 ). Because our error estimation is based on internal differences, it does not account for errors that are common to the two half samples. Generally, systematic effects are functions of observed wavelength, which means that their impact will be smeared out by the combination of objects of different redshifts. This suppresses such error modes on scales less than a few hundredÅ. We have few ways at present to assess the errors on larger scales, but the differencing of samples at very different redshifts do suggest that the errors are small (4% rms). We are not aware of any systematic effects that would be functions of rest-frame wavelength. We will present another validation of the quoted errors in § 5.2.
Comparison between spectra and to models
The galaxies in the samples to be defined in § 3 differ in their velocity dispersions. In order to make fair comparisons among the average spectra, we therefore smooth all the average spectra to a common velocity dispersion of σ v = 325 km s −1 , which is the largest velocity dispersion of the individual samples.
In order to interpret our average spectra in terms of age, metallicity, or other variations, we need to compare our spectra to model spectra of stellar population synthesis models. We use the models of Vazdekis (1999) (hereafter V99) , who provides 2Å resolution spectra of single-age, single-metallicity, solar-element ratio stellar populations. Because the resolution of these models is better than the resolution achieved in galaxies with large velocity dispersion, we can treat these model spectra identically to our data and thereby do fair comparisons between the two. We use single power-law initial mass function V99 models throughout.
sLick indices
We measure absorption line strengths by a revision of the most recent version of the "Lick" system (Faber et al. 1985; Worthey et al. 1994; Trager et al. 1998) . In addition to the standard Lick indices, we have included 4 indices for measuring the Hγ and Hδ absorption lines (Worthey & Ottaviani 1997) . The Lick system involves measuring line fluxes in narrow wavelength ranges relative to a "pseudocontinuum" found by linearly interpolating between two spectral averages on either side of the lines.
We cannot match the fluxing and calibration of the Lick system but have attempted an intermediate step of matching the wavelength-dependent resolution of the Lick IDS instrument (using a linear interpolation of the table in Worthey & Ottaviani 1997) . The highest velocity dispersions of any of our spectra is 325 km s −1 at SDSS resolution. This corresponds to 275 km s −1 at 6000Å as smoothed to Lick IDS resolution. Hence, when computing indices, we smooth our spectra to match, at each wavelength, an intrinsic dispersion of 275 km s −1 at the Lick IDS resolution. For example, this corresponds to 450 km s −1 at 4000Å. The result is the spectrum of a galaxy with 275 km s −1 dispersion as it would be observed by the Lick IDS instrument. Because, strictly speaking, the Lick system is defined at zero velocity dispersion (at Lick IDS spectral resolution), we refer to the indices used in this work, normalized to 275 km s −1 , as smoothed-Lick or "sLick" indices.
We introduce the sLick indices rather than work on the true Lick system because (a) The Lick IDS spectra were referenced to a tungsten blackbody for overall calibration; (b) the indices are, strictly speaking, calibrated to a defined set of standard stars, which have not been observed with the SDSS telescope; and (c) the Lick system is defined at zero velocity dispersion, at which no galaxies can ever be observed, although some empirical corrections for velocity dispersion have been defined (Trager et al. 1998) . For all these reasons, direct comparison of our sLick index measurements (in Table 2 ) to measurements in the Lick system found in the literature must be made with care.
On the other hand, we have treated the V99 model spectra in an identical way to the observed spectra, so the internal consistency of comparing our observed indices with the models is reliable. For the same reason, our measurements of differences or derivatives of sLick indices among our average spectra given in Table 2 are accurate.
3. massive galaxy samples in the sdss
Morphology and color selection in the MAIN sample
The MAIN sample contains galaxies of all types, but we would like to select massive, red, bulge-dominated galaxies. We do this selection primarily on the basis of morphology but cannot avoid the need to remove color outliers.
We consider 4 luminosity bins within the MAIN sample of galaxies: −20.5 < M r < −21, −21 < M r < −21.5, −21.5 < M r < −22, and −22 < M r < −22.5. These absolute magnitudes are k + e corrected, de-reddened, r-band Petrosian magnitudes. We use the bandpass and evolution (k + e) correction of a passively evolving old stellar population (Eisenstein et al. 2001) to adjust the galaxy photometry to z = 0. Since the redshift range of each bin is small and since the evolution correction is only 1 mag per unit redshift, the assumed evolution correction is not important for the results but merely serves to compare the galaxies to those at z = 0. Note that M * r ≈ −20.8 from the SDSS luminosity function (Blanton et al. 2001a) , so the least luminous bin has galaxies whose luminosity is roughly L * , while the most luminous bin has galaxies four times more luminous.
We make two purely morphological cuts on the sample: 1) we require that the inverse concentration 1/c be less than 0.37, and 2) we require that the de Vaucouleurs -Rest-frame g −r color versus absolute r-band magnitude (both corrected for passive evolution) of MAIN galaxies. The effects of the morphological radial profile cuts is shown in the bottom two panels. Galaxies failing the morphology cut are in the upper right panel. The lower right panel shows the color cuts and luminosity bins. The dashed lines show the locus of color and magnitude of an old population with a fading 20% young single-age burst (Bruzual & Charlot 2001) . We stress that the color cut is excluding many fewer galaxies at fixed stellar mass than at fixed luminosity. model fit be 20 times more likely than the exponential fit (excluding galaxies for which both likelihoods underflow to zero). See § 2.1 for the definitions of these statistics. Both of these cuts favor the traditional surface brightness profiles of elliptical galaxies and bulges. We do not perform cuts on the asymmetries or residual lumpiness of the galaxy.
We find that these radial profile cuts do significantly alter the distribution of galaxies in a rest-frame color versus absolute magnitude plot. The red sequence of early-type galaxies is strongly favored. Based on similar samples in Shimasaku et al. (2002) , Strateva et al. (2001) , and Hogg et al. (2002) , we expect that more than 2/3 of the sample are of E/S0 morphology, with the remainder being earlytype spirals. Figure 1 shows the distribution of galaxies in rest-frame color versus absolute magnitude with and without the morphological cuts. A small fraction of the radial-profileselected galaxies lie well below the red sequence in g − r.
If one considers slices at constant r-band luminosity, this fraction of blue galaxies is ∼ 5%. It should be stressed that the fraction of blue galaxies in slices of constant stellar mass would be considerably lower. Blue galaxies fade as they age and redden. Hence, one should compare the number of lower luminosity galaxies on the red sequence to the number of higher luminosity blue galaxies. In Figure  1 , we display the loci of magnitude and color populated by a burst of 20% of new stars on top of an old population, using models from Bruzual & Charlot (2001) . Following these curves rather than lines of constant luminosity, we would say that very few massive galaxies have been excluded by our color cut. In this model, 20% bursts require about 2 Gyr to redden enough to pass our color cut.
As we are interested in massive quiescent galaxies, we decide to cut these blue outliers using a color cut. We fit the rest-frame color-magnitude relation to a line of (g − r) 0 = 0.74 − 0.014(M r + 20) and keep only those galaxies that fall within 0.1 mag in rest-frame color (region shown in Figure 1 ). This excludes 3% of the galaxies in the highest luminosity bin and 8% in the lowest (see Table 1 ).
Our color selection obviously excludes vigorously starforming galaxies from the sample. Hence, we cannot claim that the average spectrum we find represents the average light from all bulge-dominated systems. The average age of the sample will be biased towards older ages (although of course the dominant problem in interpretation of optical spectra is the opposite, namely that a few young stars will bias the inferred age low).
We would prefer to compare galaxies at equal redshifts, and therefore we restrict our sample to redshifts between 0.1 and 0.25. However, our lower luminosity subsamples are drawn from a characteristically lower portion of this range, so there may be a small amount of passive evolution mixed into the spectral comparison across luminosity. Histograms of the redshift distribution are shown in Figure  2 . Table 1 lists the sample size, mean redshift, mean luminosity, selection properties, and average spectrum signalto-noise ratio for the four luminosity samples (see the rows with environment "All"), as well as for the environment and redshift samples discussed in the next two sections. Eisenstein et al. (2001) show that the LRG spectroscopic sample contains luminous galaxies with red rest-frame colors and early-type spectra out to z ≈ 0.55. The sample is roughly volume-limited at z < 0.4; however, the selection does create an oblique dependence on luminosity and rest-frame color. Intrinsically bluer galaxies must be more luminous than their redder cousins to enter the sample.
Luminous LRG selection
Luminous galaxies drawn from the MAIN sample at 0.15 < z < 0.2, where there is no color selection, show -The rest-frame color versus magnitude (both corrected for passive evolution) distribtion of (upper left panel) all galaxies at 0.15 < z < 0.25 and (other panels) LRGs in different redshift slices. The horizontal dot-dashed line is a fit to the color-magnitude locus of the red sequence. The full LRG sample would result in a bias towards galaxies on the red side of the red sequence. By imposing an additional magnitude cut (vertical dashed line), we can include the whole red sequence. The sample is volume-limited to z ≈ 0.5. The diagonal dashed lines are fading bursts as in Figure 1 .
an obvious ridge in color-magnitude space from the prevalence of early-type galaxies. At the highest luminosities, the red sequence is particularly obvious because the frequency of galaxies drops significantly blueward of the sequence. We would like to select all of the galaxies on the red sequence.
This red sequence is quite narrow, but not infinitely so. Hence, we have the problem that for some range of luminosities, galaxies on the red side of the red sequence would qualify for the LRG sample while those on the blue side would not. To gather a sample for which the entire red sequence will be included, we must use an even higher luminosity cut than the normal LRG selection criteria.
We therefore require M g < −21.8 within the LRG sample. This luminosity refers to the passively evolved, restframe g-band luminosity k-corrected from the r-band Petrosian magnitude, as described in Eisenstein et al. (2001) . For comparison to our samples from MAIN, we note that this cut corresponds to M r −22.55. As shown in Figure  3 , this cut allows the LRG sample to include the full red sequence. In addition, the higher luminosity cut means that the sample, which would otherwise be subject to flux limitations at z 0.40, retains its volume-limited nature until z ≈ 0.5.
We limit the LRG selection to 0.15 < z < 0.50 and divide this into three redshift bins 0.1 in width plus a fourth bin at 0.45 < z < 0.50. The limit at low redshift is primarily due to the small number of sufficiently luminous galaxies in the small closer volume. Similarly, there are not many galaxies in the LRG sample at z > 0.50, and these would not be volume-limited to M g = −21.8. NOTES.-Column titled "Number" lists the number of objects that pass our morphology, luminosity, density, and color cuts. The column titled "Color reject" lists the number that passed the morphology, luminosity, and density cuts, but failed the color cut. The column titled "Used" lists the number actually used; some objects fail our spectral quality cuts on the amount of missing or masked data. The column titled "S/N" lists the average signal-to-noise ratio per pixel of spectrum (roughly 1Å) in the stacked spectrum. The average redshift and absolute magnitude in each sample is given, as is the dispersion of the Gaussian required to smooth the average spectrum to a velocity dispersion of 325 km s −1 . The sums of the 3 environment samples at a given luminosity do not equal the "All" environment sample because we exclude galaxies from the environment sample that fall less than 0.5h −1 Mpc from the edge of the survey imaging.
Local density estimation
We wish to study the spectral properties of our galaxies as a function of their environment. As our spectra are of luminous galaxies, we do not have full spectroscopic coverage of the fainter neighbors. We therefore resort to counting nearby galaxies from the SDSS imaging data. This has the advantage that it is independent of the SDSS spectroscopic coverage, which of course is only partially complete, and that the same luminosity cuts can be applied to all galaxies. To include a poor-man's photometric redshift scheme, we restrict the count to galaxies consistent with early-type colors at the appropriate redshift.
Given the spectroscopic redshift of a particular luminous galaxy, we calculate the angular scale corresponding to a transverse distance of 0.5h −1 Mpc, the r band luminosity of an L * passively-evolved early-type galaxy, and the g − i color of that galaxy. The last of these is based on the average color of the two evolving models in Eisenstein et al. (2001) . We then count the number of galaxies that fall within 0.15 mag in g − i model color, within 1 mag brightward and 2 mag faintward in r Petro flux, and between 0.03 and 0.5h −1 Mpc in transverse distance. Primary galaxies that fall within 0.5h −1 Mpc of the edge of the imaging sample are excluded from the environmental studies. This means that the samples for environment variations are smaller than those for luminosity variations (see Table 1 ).
This count of nearby early-type galaxies gives us an estimate of the local environment of our candidate. However, the statistic is noisy. With random positions inside the survey region, we find an average of 3.6 neighbors, nearly independent of redshift. The average number of neighbors around the actual galaxies increases with luminosity: 5.8, 5.7, 6.4, and 8.95 for luminosity bins of −21.0 < M r < −20.5, −21.5 < M r < −21.0, −22.0 < M r < −21.5, and −22.5 < M r < −22.0, respectively. Hence, while we have clear evidence that galaxies are clustered, the Poisson error on the background is not small relative to the average signal. We cannot make fine distinctions about the local density but instead can construct generously large bins that should be monotonic in their typical density.
For each luminosity bin in the MAIN sample, we divide the sample into three density bins-those with 10 or more neighbors, those with 4 to 9 neighbors, and those with 3 or fewer neighbors-for a total of 12 samples. While the dividing line between the samples will be blurred, with equivalent galaxies jumping the boundary due to background Poisson fluctuations, bins this large should be reasonably distinct as regards the actual (non-projected) density of the included galaxies.
4. the average spectra Figure 4 gives an example of the type of average spectrum we are analyzing. 365 spectra of luminous early-type galaxies in the redshift range 0.30 < z < 0.35 have been Fig. 4. -The average spectrum of 365 luminous red galaxies, selected as described in § 3.2, in the redshift range 0.3 < z < 0.35 over the rest-frame wavelength range of 3000Å to 6800Å. The noise and pixel scale are visible on the blue and red ends as a fine-scale roughness; in between, the noise per pixel is generally smaller than the thickness of the line. The vertical normalization is arbitrary.
used to produce this stacked spectrum. The wavelength range of 3000Å to 6800Å rest-frame is shown; this corresponds roughly to 4000Å to 9000Å in observed wavelength. Careful inspection of the blue and red ends reveals some noise on the pixel scale. In the blue, this is caused by the lower sensitivity of the spectrographs and of course the intrinsic faintness of early-type galaxies in the restframe UV. In the red, imperfect sky subtraction limits the performance. In between, the error per pixel is smaller than the thickness of the line. The velocity dispersion of the ensemble creates a visually obvious scale of the width of astrophysical features in the spectrum; comparing that width to the pixel scale revealed by the noise should convince the viewer that essentially all of the features in the spectrum are real. Nearly all of the average spectra we consider have higher signal-to-noise ratios than this one.
Absorption line strengths
All of the average spectra in this paper are typical earlytype galaxy spectra; they are dominated by the absorption line features found in the spectra of old stellar populations. This can be made quantitative with comparision to the V99 models via the sLick indices.
Broadly, the sLick index measurements (given in Table 2) are consistent with the conclusion that our sample is composed primarily of an old, metal-rich stellar population. However, there is a large scatter in the inferred ages or metallicities among different sLick indices; i.e., none of the V99 models is a good match to the total spectrum. Figure 5 shows this graphically. In each panel, a sLick index based on Hδ is plotted against one of various metal line indices. The measurements from 16 average spectra, our luminosity and environment samples, are shown as square dots. The V99 models are shown as a grid of metallicity and age. Three metallicities (−0.4, 0, and +0.2 dex relative to solar) and six ages (4, 5, 6.3, 8, 10, 12 , and 15 Gyr) are shown. We will defer discussion of the trends in luminosity and environment until § 5; here our point is simply that no single V99 model matches all indices for a given spectrum. α-elements (e.g., Mg b) tend to show higher metallicities, while iron-peak elements (e.g., Fe5270) show lower metallicities, This can be explained, at least in part, by a mismatch in chemical abundances. In particular, the Vazdekis models have solar abundance ratios and it appears that the average spectra show enhanced abundances for α-process elements relative to ironpeak elements. This α-enhancement has been noted previously (Worthey et al. 1992; Vazdekis 1999; Davies et al. 2001; Trager et al. 2000a; Proctor & Sansom 2002) and is expected for a stellar population that converts its gas entirely into stars rapidly, before type Ia supernovae have time to significantly pollute the interstellar medium with iron-peak elements.
The hydrogen Balmer lines have been widely used to try to disentangle metallicity and age estimation in old stellar systems (e.g., O'Connell 1976; Rose 1985; Worthey et al. 1994; Worthey & Ottaviani 1997; Vazdekis & Arimoto 1999) . We study the Hβ, Hγ, and Hδ lines. For galaxies with velocity dispersions of 275 km s −1 , the Vazdekis models predict that Hβ sLick index is the least sensitive to metal content, while the Hγ and Hδ sLick indices still carry significant metal dependence (in the sense that more metal-rich systems would be inferred to be younger). However, as we will see, Hβ has some contamination from in- The size of the square indicates the luminosity of the sample, with the largest square being −22.5 < Mr < −22 and the smallest square being −21 < Mr < −20.5. Circles indicate the LRG sample divided by redshift, with the darker color being higher redshift. Error bars in both indices are shown but are often smaller than the points. The line grid shows the predictions from the V99 model, as described in § 2.6. Three metallicities are shown (−0.4, 0, and +0.2 dex relative to solar) and six different ages (4, 5, 6.3, 8, 10, 12, and 15 Gyr) . The thicker line marks the 10 Gyr locus. The letters YS, YR, and OP indicate the 'young, solar', 'young, metal-rich', and 'old, metal-poor' boundaries of the grid.
terstellar emission lines and so we focus on Hδ and Hγ indices, where the effect is negligible.
For Hδ and Hγ, comparing the V99 models at solar metallicity suggests a relatively young age, roughly 5-6 Gyr, for a single-age burst (see the Hδ A versus Fe4383 panel of Figure 5 ). All four indices (Hδ A , Hδ F , Hγ A , and Hγ F ) give similar ages. As usual, a higher metallicity would imply a younger age. Such age inferences are famously biased by the presence of young A and F stars. We therefore consider histories in which some fraction of the stars are indistinguishably old (we adopt 12.5 Gyr) while the rest are formed at a constant rate between 1 and 12.5 Gyrs (we exclude recent formation on the grounds that our color cut would exclude blue star forming galaxies), assuming solar metallicity throughout (a poor assumption, see Maraston & Thomas 2000) . To match Hγ and Hδ, one would need to form ∼ 50% of the stars in the continuous phase, which gives an average age of ∼ 9 Gyr.
Hβ on the other hand implies an old age, above 12 Gyr for the solar-metallicity V99 model. The emission in the average spectrum ( § 4.2) undoubtably makes this an upper limit. When correcting for non-zero velocity dispersions and line emission by the prescriptions of Trager et al. (1998 Trager et al. ( , 2000a , we find Hβ, Mg b, Fe5270, and Fe5335 indices that fall comfortably within the z = 0 locus found by Trager et al. (2000a) , although our Hβ lines are slightly deeper (i.e., younger) than their median value.
Above all, however, we feel that the obvious failings of solar abundance ratio models to simultaneously fit multiple metal indices caution against any quantitative conclusion on the age of the stellar populations. The Balmer line indices are affected by metal absorption, and it may be that neglecting the α to Fe abundance ratio differences skews the age inferences or disturbs the agreement between Hδ and Hβ.
Emission-line components
In addition to generating the average spectrum, the PCA algorithm provides us with all of the spectral components that contribute significantly to the diversity (variance) of the spectra in our samples. There is a clear emission-line component that affects roughly 10% of the spectra. We isolate all variations from the "typical" spectrum by seeking outliers in the locus of PCA coefficients. In particular, noting that the PCA coefficients of most galaxies fall in a tight distribution near zero (save for the first component, which has a tight distribution with non-zero mean), we form the sample of galaxies that have all coefficients (excluding the first and as usual any beyond the 20th component) within some tolerance of zero. The numerical value of this threshold is meaningless without discussion of the normalization of the PCA eigenspectra, but visually it imposes a tight envelope around the cloud of points containing the bulk of the galaxies. It is likely that much of the scatter in this cloud is observational scatter. We call the selected galaxies the "median" sample. We then form the average spectrum of this sample and subtract that from the average spectrum of the full sample.
An example of the resulting spectra is shown in Figure  6 . Here we have taken our MAIN sample bulge-dominated galaxies in the highest luminosity bin, −22.5 < M r < −22. Only 5% of the galaxies fell in the outlier sample, although -The difference spectrum of outliers from the locus of luminous bulge-dominated galaxies in the luminosity range −22.5 < Mr < −22. 5% of the galaxies whose PCA coefficients fall outside of the primary distribution of points are labeled as outliers. This spectrum is the change to the average spectrum from including or excluding these objects. The resulting spectrum shows a number of emission lines, with relative strengths characteristic of a LINER, as well as some alterations to some absorption lines, including the higher-order Balmer lines.
this fraction rises at lower luminosities (see Table 3 ). The residual spectrum has obvious emission lines, as well as reduced absorption at Na D and Mg b. There is a hint of additional absorption in the higher Balmer lines as well as an overall blue tilt. It is worth noting, however, that the differences between the average spectrum of all galaxies and the "median" sample are small, as one can see by comparing the vertical axes in Figures 6 and 8 . The effects on the sLick indices are negligible, save for the stronger emission lines (e.g. [O III] and Hβ).
We do not claim that this residual spectrum contains all of the line emission; clearly a baseline emission rate will not be included. However, if emission is the exception rather than the rule for these galaxies, then this residual spectrum will contain most of the emission. It is our impression that a few objects dominate the total emission strength. Note that the method will select all the objects with strong Hα, [O II], and/or [O III] emission; the weak emission at Hγ and Hδ need not be detected in individual spectra for it to appear in the residual spectrum. Finally, it is important to note that the residual spectrum contains all deviations from the median, but it is not required that these deviations occur along a single "direction" in the space of PCA coefficients. While we detect emission and absorption, it is possible that different outlier galaxies contribute these in different proportions.
In detail, the emission-line spectrum satisfies most of the definitions of a LINER (Heckman 1980; Veilleux & Osterbrock 1987) λ5007 is weak compared to Hβ. Of course, it is not straightforward to give a physical interpretation to this average spectrum. It is likely that the galaxies show a diversity of star formation and AGN emission mechanisms, and we would not claim that the average spectrum proves that star formation is negligible. Future work will explore the details of the emission line behavior of these early-type galaxies.
Lower luminosity bulge-dominated galaxies show stronger emission-line components as well as a more obvious Balmer absorption component. This will be discussed in § 5.3.
variations with luminosity and environment
We now will proceed to our primary task, to analyze the average spectra of luminous bulge-dominated galaxies as a function of luminosity and environment. Recall that, as described in §3, we break each of our 4 luminosity bins into 3 environment bins. We also analyze each of the 4 luminosity bins in its entirety.
There is a striking level of similarity among the average spectra of these subsamples. Dividing by redshift, luminosity, and environment always yields the same qualitative spectrum. However, we do find small but highly significant differences among the average spectra. In broad terms, the trends are similar to those found in previous work (e.g., Dressler et al. 1987; Bower et al. 1990; Guzman et al. 1991; Bender et al. 1993; Rose et al. 1994; Trager et al. 2000b; Bernardi et al. 2001 ).
Variations in the sLick indices
Figures 5 and 7 show the spectral variations as a function of luminosity and environment as measured by the sLick indices. Lower luminosity galaxies or those in poorer environments have indices that would be interpreted as younger or more metal-poor. In some cases, notably the iron indices, the variations would be interpreted primarily as age. However, we are concerned that the poor match between the data and the models in other indices (e.g. Mg b) may cast doubt on such detailed interpretation.
The quantitative values of the sLick indices are presented in Table 2 , along with their errors, and the V99 model predictions (where available). We also present the slopes of linear regressions versus luminosity, environment, and redshift within the sets of comparison samples. Slopes that are significant at 3-σ are shown in boldface.
A one-dimensional spectral space
A striking feature of Figures 5 and 7 is that the locus of values found in the luminosity and environment samples are nearly one-dimensional. In other words, with two different parameters at play, one might have expected the sLick indices to populate two-dimensional regions in these plots. Instead, the points fall (primarily) on tight curves, even for pairs of indices for which the models predict a separation of the effects of age and metallicity. This suggests that luminosity and environment control the same parameter in the average spectra. The Hβ index is an exception, which we will discuss later.
To investigate this regularity, we took the 16 average spectra (12 from the luminosity/environment bins and 4 from the pure luminosity bins), subtracted the mean, and performed a PCA analysis on the residuals. No points were masked and no continua were subtracted, but as usual the spectra were smoothed to 325 km s −1 before performing the PCA. 89% of the variance in the 16 spectra was contained in the first PCA component, i.e., removing this component drops the rms variation from 1% to 0.3%. The mean spectrum and the first component of variation is Fig. 9. -The amplitude of the first component of variation relative to the mean (these two spectra are shown in Fig. 8 ) as a function of luminosity for three different environment bins. The normalization of the spectral component was chosen so that the rms value of this amplitude was unity; as shown in Fig. 8 , this corresponds to ∼ 1% variations in the spectra.
shown in Figure 8 . The normalization of the first variation component relative to the mean is chosen so that the rms amplitude of the variation is unity. In other words, the relative normalization in Figure 8 is the typical spread in the 16 spectra, which is 1% rms of the mean.
The is visible. Higher-order Balmer lines are seen in absorption, and the strong Mg and Na absorption lines at 5175Å and 5900Å are varying in strength. The variation in the Mg line is slightly displaced to the red relative to the deepest part of the line in the mean spectrum; this indicates that blending of the lines can be important. Finally, there is a broadband tilt to the spectrum, in the sense that variations in the direction of extra nebular emission and stronger Balmer absorption correlate with a bluer spectrum, as one might expect.
The behavior at Hδ and Hγ is of concern: although the variation spectrum appears to have extra absorption at these freqencies, the absorption troughs are wider than expected (compare the line shapes to those of the higherorder Balmer lines near 3800Å). In other words, we worry that other nearby metal lines may be impacting the Hδ and Hγ sLick indices.
The second component of variation in the PCA analysis is smaller by a factor of 4. It is primarily broadband fluctuations, with a small amount of Hα emission. Figure 9 shows the amplitudes of the first component required by our 16 different samples. As expected, lower luminosity galaxies and those in poorer environments have more emission and Balmer absorption.
We stress that the information in Figure 8 goes well beyond the sLick indices. We have found the empirical primary direction of variation with respect to luminosity and environment for the ensemble of luminous, early-type galaxies over most of the optical range. While we are limited in the resolution available from hot stellar systems, there are hundreds of spectral elements measured to high signal-to-noise ratio in this spectrum. Matching these vari- These show that Hβ does not follow a simple one-dimensional locus; it is unclear whether this is the result of emission line contamination. The lower four panels show the Hδ A index against the Hγ F index and three metal-line indices plotted against the Hδ A index. The grid of V99 models are absent in three panels where the index wavelength falls outside the wavelength range of the models. Fig. 8.- The average of the average spectra from all of the environmental and luminosity samples (note that this double counts some galaxies), along with the first component of variation between these 16 sets. This component accounts for 89% of the variance in the 16 spectra. The normalization of the first component of variation relative to the mean spectrum is set by the rms amplitude of this component. Higher components have very small amplitudes (∼ 0.002) on this scale.
ations would be a stringent test for stellar population synthesis. We have not attempted more detailed comparisons to the models because it is clear that the available solar element abundance ratio models are a poor match to the mean spectrum.
As an aside, the fact that the first component of spectral variation contains 89% of the variance between the 16 spectra while being only 1% variation rms is a striking confirmation of the high signal-to-noise ratio of the average spectra. If these spectra had S/N of only 100 per pixel, then the PCA eigenspectra corresponding to this noise would have been comparable to the astrophysical variation, so that the first component would have only explained ∼ 1/16 of the variance. Hence, the signal-to-noise ratio of the spectra must considerably exceed 100 for errors that are not common to all the spectra. This is particularly remarkable given that no broadband modes were removed prior to this PCA analysis; indeed, much of the first component's variation is broadband, as it contains only 0.5% rms of variation when 4 broadband modes are removed.
Variations in emission-line components
In § 4.2, we isolated the spectral variations of outlier galaxies by using the PCA coefficients to identify the outliers and then considering the difference between the average spectrum of all the galaxies and the average spectrum of those in the "median" sample. We now consider these residual spectra as functions of luminosity and environment. We generally find that galaxies of lower luminosity and poorer environment have stronger emission line components.
In the case of Hγ and Hδ, we clearly see small emission lines sitting in deeper absorption lines (Figure 6 inset), indicating that the residual spectrum contains both Balmer absorption from young stars and Balmer emission from young stars and active nuclei. We stress again that this superposition is a property of the composite of outliers and may reflect multiple populations of outliers from the "typical" old stellar spectrum.
To quantify the strength of these lines, we fit separate Gaussians to the emission and absorption lines, assuming that all emission lines in the spectrum have the same velocity width. The resulting line fluxes are shown in Table 3 . Converting these to equivalent widths shows that the contribution to the Hγ and Hδ indices are very small: a 15% effect on the inferred age in the worst case. We therefore infer that the Hγ and Hδ indices are negligibly affected by emission in the full sample.
Hβ on the other hand does seem to have significant emission, roughly enough to cancel out what must be nonnegligible absorption. The two contributions are more difficult to disentangle, and it seems possible that the age inferred from Hβ would be significantly affected. The fact that Hδ and Hγ are well-correlated with metal-line indices while Hβ has a lot of scatter may also be suggestive of emission in Hβ. However, it might indicate that the higher lines have significant contamination from metallicity variations.
Hα has even stronger emission and the presence of strong [N II] makes it impossible to detect an absorption component. The line ratio of [N II] to Hα displays a increasing trend with luminosity and density, which may indicate an decreasing role of star formation in driving the emission (Veilleux & Osterbrock 1987) .
In general, the Balmer decrement is larger than expected from conventional predictions of the recombination spectrum. This may be caused by dust obscuration of the emission regions.
Selection biases
The interpretation of the spectral differences is subject to considerations of biases in the sample selection and analysis.
Fortunately, the comparison between samples from different environments is substantially immune to redshiftdependent effects, such as variations in the sample selection or change in physical spectroscopic aperture across redshift, because the redshift distributions of the three environment bins are nearly identical. Target selection and all aspects of the observations were done without consideration of the environment of the galaxies. The only significant effect is that galaxies in clusters tend to be more luminous. However, the 0.5 magnitude bin size in luminosity limits the shift in the mean luminosity between environment subsamples to less than 2% in the lower three luminosity samples and 4% in the most luminous sample (Table 1) .
The comparison across luminosity, on the other hand, may include some biases in sample selection. First, there is a small shift in redshift (listed in Table 1 and shown in Figure 2 ) between the luminosity bins. If all samples were passively evolving, the most luminous galaxies would appear ∼ 1 Gyr younger than the least luminous relative to a fixed redshift comparison. Second, galaxies of different luminosities have different physical sizes, so that the spectroscopic fiber will include a different fraction of, e.g., the effective radius of the de Vaucouleurs model. Radial population gradients will therefore bias our results (McClure 1969; Munn 1992 , and references therein). This effect is partially offset by the change in angular diameter distance with redshift. Finally, and most important, the lower luminosity bins almost certainly have more contamination from objects that would not be classified by eye as red, elliptical galaxies. Our morphology cut is relatively crude and does not include obvious mainstays of quantitative morphology such as bulge-disk decomposition and smoothness. It is not clear that equivalent samples are being selected at all luminosities or even that equivalent samples can be selected in principle. The difficulty of homogenizing stellar disk contributions could also bias the environmental subsamples because of the density-morphology relation.
Interpretation of absorption lines
Figures 5, 7, and 8 and Table 2 all demonstrate that there are statistically significant differences between the luminosity and environment subsamples. Table 2 displays the slopes and errors resulting from least-squares fits to each sLick index across luminosity and environment. Indices with more than 3-σ detections of variation are shown in boldface. In particular, the Hδ, CN 2 , Hγ, G4300, C 2 4668, Mg b, Na D, and TiO 2 indices all show strong variations.
In principle, such well detected variations should be able not only to determine age and mean metallicity shifts, but also to probe for variations in abundance ratios. Trippico NOTES.-Emission line strengths computed from the residual spectrum formed by the difference of the average spectrum and the "median" spectrum. Fem is the fraction of spectra that were declared as outliers and therefore omitted from the "median" spectrum. The higher-order Balmer lines are also seen to be in absorption; we fit a broad absorption Gaussian and a narrow emission Gaussian. The results are quoted as line fluxes in arbitrary units; the F λ of the continuum is also given (in units of flux perÅ & Bell (1995, hereafter TB95) calculate the variation in Lick indices induced by changes in the abundances of individual elements for 3 specific model stars. This grid of abundances and stars is too sparse to interpret the observed differences in our data. Nevertheless, if one adopts the overly simple model in which the TB95 cool giant and hot dwarf models are combined in arbitrary ratio with abundance variations allowed in groups of C & N, O, α elements, and iron peak elements, and then resolves our observed index variations against these 5 vectors of model variations, then one finds that the variations amongst our spectra are best described by variations in the α element abundance. Of course, age variations are available to this model only in so far as they could be mapped to changes in the giant to dwarf ratio. As an additional caveat (were there not enough already!), we note that the TB95 Lick indices are quoted at zero velocity dispersion while our variations are at 275 km s −1 . The indication that abundance ratio variations may be the controlling parameter in the spectral variation with luminosity and environment is intriguing. We believe that this hint should offer strong encouragement for the construction of spectral models of stellar populations with non-solar abundance ratios (e.g. Thomas et al. 2002) .
6. average spectrum vs cosmic time Whereas our comparison of MAIN samples was all at low redshift, our LRG sample spans a large range in redshift, 0.15 < z < 0.50, with galaxies that are similar in luminosity and rest-frame color. We can therefore look for the evolution of the average spectrum across cosmic time. We divide the galaxies into 4 separate redshift bins: 0.15 < z < 0.25, 0.25 < z < 0.35, 0.35 < z < 0.45, and 0.45 < z < 0.50.
While the selected galaxies are luminous early-types at all redshift, there are subtle redshift dependences in the selection. For example, the fine details of the rest-frame luminosity-color region imposed at each redshift by the LRG selection will have mild redshift dependences (Figure 3) . At this point, we have not assessed these because of uncertainties in the appropriate k-corrections and evolution corrections as well as the need to model the effect of the noise in the observed colors and magnitudes on the sample selection. Detailed modelling of these selection effects is now underway.
To first order, the galaxies in each bin should be similar, in the sense that a passively-evolving old galaxy would be in all the samples. However, the physical aperture of our 3 ′′ diameter spectroscopic fiber is increasing with redshift, so that we are including more of the light of the higher redshift galaxies. If galaxies have older or more metalrich stellar populations near their centers, then the higher redshift objects will be biased to look younger or more metal-poor. Of course, the size of such effects is bounded by the weakness of color gradients in giant elliptical galaxies (Franx et al. 1989; Peletier et al. 1990; Michard 2000) and by the fact that we observe the luminosity-weighted spectrum within the physical aperture.
The sLick indices measured for these average spectra are given in Table 2 and plotted as circles in Figures 5  and 7 . The results show a clear dependence on redshift. Were this difference due only to age, the higher redshift Fig. 10. -The average of the average spectra from all of the redshift samples along with the least-squares variation per 0.1 in redshift. The sign of the variation is such that one should add the variation spectrum to the mean when considering higher redshifts. The first component variation spectrum from Figure 8 is shown for comparison (dotted line). The relative normalization of the two variation spectra is arbitrary. The broadband offsets of the redshift variation spectrum should not be trusted because of spectrophotometry uncertainties; comparing fixed rest-frame wavelengths across redshift requires accurate spectrophotometry across a significant range of observed wavelengths, whereas the comparisons across environment and luminosity were less demanding of this. The redshift variation spectrum has more small-scale noise in part because the more luminous galaxies required less smoothing to reach a velocity dispersion of 325 km s −1 , thereby including more photon noise. Simulation of the noise indicates that, for example, the three largest features between 4225Å and 4325Å are significant at roughly 5-σ confidence, while the features between 4150Å and 4200Å are only marginally significant. galaxies would be younger by ∼ 3 Gyr, with some variation with index. This is consistent with concordance cosmology prediction of ∼ 2.5 Gyr. In the Figures, one should note that the results do not in all cases lie along the locus defined by the low-redshift luminosity and environment variations. If we view the redshift sample as defining the true time derivative of a metal-rich passively evolving population, then the luminosity and environment dependences may require abundance variations.
We next consider the variations of the full spectrum across redshift. We take the four average spectra, subtract the mean, and compute the least-squares slope for each pixel as a function of the central redshift of each spectrum. The vector of slopes is the spectrum of ordered variations within this set of four spectra. The highest redshift average spectra has noise roughly twice as large as the others, so we downweight it by a factor of 4 in the least-squares fitting. We normalize the slope to a difference of 0.1 in redshift. The PCA analysis of § 5.2 yields a similar variation spectrum to this least-squares method.
The resulting mean and variation spectra are shown in Figure 10 . The variation spectrum shows more noise than the equivalent spectrum in the environment/luminosity comparison. This is partially because the highest redshift average spectra are noisier, but it is also because the LRG sample spectra required less smoothing to match to 325 km s −1 than the MAIN sample spectra. Despite this, many features in the variation spectrum are well detected. We assess the significance by creating realizations of the noise of the original spectra, smoothing, and applying the least-squares analysis. The smaller features in the variation spectrum are not significant, but features such as the three peaks between 4225Å and 4325Å are clearly significant. Further SDSS data should make interesting improvements in the signal-to-noise ratio of these spectra.
The variation spectrum shows strong alterations to absorption features at Hδ, Hγ, Mg b, and Na D, as well as weaker changes to other lines. Mg b and Na D are shallower at higher redshift, while the two Balmer lines are deeper. Little hint of emission lines is found, save for [O II], probably in part because the galaxies in the LRG sample are considerably more luminous than those in the MAIN sample. Overlaying the component of variation from the environment and luminosity analysis shows matching trends in the strongest features but imperfect agreement in the amplitudes of variations in different lines. Hence, the two variation spectra (in this section and § 5.2) represent two different combinations of age and metallicity; one might speculate that the redshift variation is dominantly due to age.
ultraviolet average spectrum
In Figure 11 , we present the composite UV spectrum from our highest redshift galaxies, 726 luminous, red galaxies at 0.47 < z < 0.55. Many absorption lines are detected, although the signal-to-noise ratio is poor at the bluest wavelengths because of the dropping efficiency of the SDSS spectrographs shortward of 4000Å. The 2900Å and 2640Å spectral breaks are clearly visible, as are the strong Mg lines at 2796Å and 2852Å. Using the definitions of Spinrad et al. (1997), we measure the strengths of these breaks to be B(2640) = 1.33 ± 0.06 and B(2900) = 1.41 ± 0.04. The strengths of the UV breaks suggest that the UV spectrum has contributions from F-type stars (Spinrad et al. 1997; Fioc & Rocca-Volmerange 1997) . Such stars can be present in the spectrum because either (a) there has been some star formation within the previous few Gyr, or (b) there is enough metallicity range among stars in the composite spectrum that there are old, F-type stars, either dwarfs or giants. Both explanations are plausible; we expect some ongoing star formation even among these old stellar populations, and we expect a wide metallicity range.
summary and conclusions
We have defined samples of luminous, red, bulge-dominated galaxies from the SDSS that represent controlled variations in luminosity, environment, and redshift. We have focused entirely on luminous galaxies, roughly L * and above. The samples are a nearly complete representation of the most massive galaxies in the local universe.
We have computed luminosity-weighted average spectra so as to probe the aggregate stellar populations of these galaxies. The spectra indicate fairly old, metal-rich stellar populations that are enhanced in α elements relative to iron-peak elements. Our primary goal has been to compare the relative differences in the populations as a function of luminosity, environment, and redshift. We find that the spectral variations across luminosity and environment are nearly a one-dimensional set. With a velocity-broadened form of the Lick indices, most index-index comparisons track a one-dimensional locus despite having two independent parameters (luminosity and environment). This is true even for pairs of indices that are predicted to split the familiar age-metallicity degeneracy. We find some indication that the controlling parameter of the variation may be the α-to-Fe abundance ratio. Our results include not simply a vector of sLick index offsets, but a full resolution spectrum of the variation that includes over a hundred clearly visible lines.
We compared the average spectra directly to models from V99, analyzing these model spectra identically to our data, and find that the variations are plausible even if the mean values of the indices may be shifted. More luminous galaxies, lower redshift galaxies, or those in denser environments would be interpreted as more metal-rich or older. However, we stress that the obviously non-solar α to ironpeak ratio in our data probably invalidate any detailed interpretation of the differences with the solar-abundanceratio models of V99. We hope that the detail available in these spectra and their derivatives with luminosity, environment, and redshift will be a stimulus to detailed, full-resolution modelling of α-enhanced, super-solar stellar populations. The spectra are available in electronic form as an on-line attachment to this paper. NOTES.-Stacked spectra and models (Vazdekis 1999) are smoothed until the measured velocity dispersion is σ = 325 km s −1 . The smoothed spectra are then further convolved with a Gaussian to achieve the resolution that a σ = 275 km s −1 galaxy would have with the Lick/IDS system. However, unlike the official Lick system, we have kept the spectra in their approximately flux-calibrated form. No attempt to correct the indices to zero velocity-dispersion has been made. The focus is on comparison between the different samples. The 1-σ error in each measurement is given in parentheses. The top set compares different luminosities within the MAIN set. The middle sets compare different environments within a given luminosity bin. The final set compares different redshifts within the LRG set. Each set is fit to a linear regression, and the slope and its error are quoted. The slopes versus environment are computed from the best-fit line considering the three bins to be given abscissa values of 0, 0.5, and 1 from least dense to most dense. Boldface numbers indicate 3-σ detections of a non-zero slope. Model spectra from (Vazdekis 1999) are measured in the same fashion. Results for the 8 Gyr, solar metallicity model are quoted. Also quoted are the difference between the 12 Gyr and 8 Gyr model, both at solar metallicity, and the [Z/H] = 0.2 and solar metallicity model, both at 8 Gyr. 
